Single-crystalline AlZnO nanomaterials were synthesized through a proposed alloy-evaporation deposition method at the low temperature of 550°C by thermal chemical vapor deposition. Transmission electron microscopy images show that AlZnO nanowires, or nanowire/nanotube junction structures, can be synthesized where the Al/ ͑Al+ Zn͒ atomic ratio is determined to be about 2.5 and 12 at. %, respectively, by electron energy loss spectrometry. Room-temperature cathodoluminescence measurements show that the AlZnO nanowires exhibit a strong ultraviolet emission, which shifts to a higher energy from 3.29 to 3.34 eV due to Al incorporation. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2161393͔
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However, although ZnO nanomaterials doped or alloyed with Ga, [2] [3] [4] In, 4 Sn, 4 Co, 5 Ni, 5 Cd, 6 Mg, [7] [8] [9] Pb, 10 and S ͑Ref. 11͒ have been reported, the synthesis of Al:ZnO or AlZnO nanostructures still remains challenging due to the high oxidation reactivity of Al sources and a tremendous difference in vapor pressure between Zn and Al.
In the letter, we report on the synthesis of singlecrystalline AlZnO nanostructures by a proposed alloyevaporation deposition method. By means of controlling the alloying treatment of sources at various temperatures above the eutectic point of the Zn-Al binary phases prior to the nanowire growth, either AlZnO nanowires or nanowire/ nanotube junction structures with various Al concentrations could be synthesized at a low temperature of 550°C without additional treatments. Cathodoluminescence ͑CL͒ results show that the AlZnO nanowires exhibit strong ultraviolet ͑UV͒ emission, which shifts to a shorter wavelength due to Al incorporation.
The AlZnO nanostructures were synthesized via an alloy-evaporation deposition method on ITO film coated glass substrates. Zn ͑purity: 99.8%, 100 mesh͒ and Al ͑pu-rity: 99.9%, 100 mesh͒ mixed powder ͑weigh ratio= 93: 7͒ were placed in an aluminum boat located inside a 1 in. diameter horizontal quartz tube reactor. Neither catalysts nor additives are needed. A 1 mm gap was set between the sources and the substrate. The sources were heated at a rate of 20°C / min from room temperature to an alloying treatment temperature. Argon was introduced as the carrier gas in the beginning with a flow rate of 8 sccm and the working pressure was kept at 100 Torr. The alloying treatment for the AlZnO nanostructures was carried out at either 420°C or 500°C for 10 min. After the alloying treatment, the pressure was decreased to 1 Torr, and the system was heated again at a rate of 20°C / min to 550°C. Once the temperature was raised to 550°C for 3 min, oxygen was introduced into the chamber with a flow rate of 1 sccm. After heating at 550°C for 60 min, the substrate was slowly cooled down in the furnace. The as-prepared nanostructures were then examined by field-emission scanning electron microscopy ͑FE-SEM͒ with JEOL 6700F, field-emission transmission electron microscopy ͑FE-TEM͒ with JEOL 2100F for morphology, CL, microstructure, and composition. The CL spectra were compared with those from pure ZnO nanowires. 12 Because the Al vapor pressure is much lower than Zn by 10 −12 order at the same temperature range, it is difficult to achieve an adequate Al concentration by directly mixing Al and Zn sources on an additive rule basis. However, by means of a concept of alloying Zn and Al sources as the first step in the process, an adequate quantity of Al vapor can be established easily even at low temperatures of 420-500°C for the subsequent growth of nanomaterials after the formation of a certain quantity of Zn-Al alloy by interdiffusion through the Zn/ Al interface. The vapor pressures of the Zn-Al alloy liquid ͑V Zn-Al ͒ and the Zn liquid ͑V Zn ͒ are functions of temperature and composition and contribute to the growth of AlZnO nanostructures according to
where V denotes the vapor pressure, while A is the area ratio of evaporation, and i is the component of each alloy constituent for the composition variation in the alloy.
a͒ Author to whom correspondence should be addressed; electronic mail: cpliu@mail.ncku.edu.tw Figure 1͑a͒ shows FE-SEM images of the AlZnO nanowires synthesized using the alloying treatment at 420°C. The nanowires exhibit straight and sharp morphology with abrupt shrinkage in diameter from 200-300 nm to 15-20 nm. The length of the finer portion of a nanowire is around 2 m, and its aspect ratio is as large as 100-130. Figure 1͑b͒ shows the AlZnO nanowire/ nanotube junction structures synthesized using the alloying treatment at 500°C. The nanostructures show gradual shrinkage in diameter from 200-300 nm to 50-70 nm at the top. An enlarged view of the open-ended nanotube morphology is shown in the inset of Fig. 1͑b͒ . Close-ended nanotubes were also found. Figure 2͑a͒ shows a high-resolution FE-TEM image of a nanowire fabricated using the alloying treatment at 420°C. The diameter of the nanowire is around 15 nm, which represents the upper half of the nanowire in the FE-SEM image of Fig. 1͑a͒ . Figure 2͑b͒ is an electron diffraction pattern of the nanowire, which indicates that the nanowire is a singlecrystalline structure grown along the ͓0001͔ direction. The energy-dispersive x-ray spectrum in Fig. 2͑c͒ shows that the nanowire consists of Zn, O, and Al, where Cu and Si could be attributed to the Cu grid and C holey film. Figure 2͑d͒ is the Al map from L edge at 73 eV for the nanowire derived by the three-window technique in electron energy-loss spectrum ͑EELS͒, suggesting that Al atoms distribute uniformly over the nanowire. The atomic ratio of Al to ͑Al+ Zn͒ in the nanowires is calculated to be around 2.5 at. %. Figure 3͑a͒ shows a low-magnification transmission electron microscopy ͑TEM͒ high-angle annular dark-field ͑HAADF͒ image of a nanotube fabricated using the alloying treatment at 500°C, clearly demonstrating the hollow characteristics of the nanotube from Z contrast. The nanotube nucleated at the necking region of a nanowire and an enlarged bright-field image of the nanotube is shown in Fig.  3͑b͒ . The thickness of the wall region is around 15 nm while the diameter of the hollow core region is about 30 nm. Figures 3͑c͒ and 3͑d͒ show the high-resolution FE-TEM image and electron diffraction pattern of the interface, respectively, from the box area in Fig. 3͑b͒ , indicating that the nanotube is a single-crystalline structure grown along the ͓0001͔ direction. An enlarged view of the necking area in Fig. 3͑e͒ shows faceted features of another nanotube. The Al elemental map in Fig. 3͑f͒ shows a higher Al signal than the one in Fig. 2͑d͒ and some inhomogeneity of Al distribution. The atomic ratio of Al to ͑Al+ Zn͒ in the nanotube calculated from the EELS spectrum is around 12 at.%. In addition, the elemental maps of Zn and O ͑not shown͒ show uniform distribution. The thickness map by EELS is shown in Fig. 3͑g͒ . Figure 3͑h͒ is a thickness profile from Fig. 3͑g͒ showing the characteristics of a nanotube. Here, from these two nanostructures, we demonstrate that AlZnO nanomaterials can be synthesized by our proposed method and Al composition can be controlled and altered simply by varying the alloying treatment temperature.
Since no catalyst was used in the process, the growth of AlZnO nanostructures was not nucleated by the conventional vapor-liquid-solid mechanism. Instead, the nanostructures may nucleate via a self-catalyzed mechanism. 13 The nanotube nucleation at the necking region of a nanowire may be a result of lattice mismatch along the one-dimensional nanostructure. Examining the diffraction patterns along the c-axis direction, the reduction in the lattice constant of the nanotube compared with the connected nanowire is around 2%, which is caused by increased Al concentration in ZnO. The nano-FIG. 1. Scanning electron microscopy images of ͑a͒ AlZnO nanowires synthesized using the alloying treatment at 420°C. ͑b͒ AlZnO nanowire/nanotube junction structures synthesized using the alloying treatment at 500°C with the inset for an enlarged view of an AlZnO nanotube.
FIG. 2. TEM characterization of the
AlZnO nanowires synthesized using the alloying treatment at 420°C: ͑a͒ High-resolution image, ͑b͒ electron diffraction pattern, ͑c͒ energydispersive x-ray spectrum, and ͑d͒ Al elemental map determined by EELS ͑L edge at 73 eV͒.
023111-
structures grow in a tubelike shape rather than wirelike morphology to release the stress induced by lattice mismatch. Figure 4 shows the room-temperature CL spectrum of the AlZnO nanowires ͑Al: 2.5 at. %͒ as in Fig. 1͑a͒ with that of pure ZnO nanowires of similar sizes synthesized previously. 12 Both spectra exhibit a relatively sharp UV emission and a broad green emission centered at around 500 nm. The UV emission is attributed to the near band-edge excitonic recombination, while the green emission may be the result of the transition between the photoexcited holes and singly ionized oxygen vacancies. 14 The results indicate that the as-synthesized AlZnO nanowires possess highcrystal quality only with few oxygen vacancies. An enlarged view of the UV emission peaks after normalizing UV intensity is shown in the inset of Fig. 4 . The UV peak position of the AlZnO nanowires shifts to a higher energy of 3.34 eV compared with 3.29 eV from the pure ZnO nanowires ͑Ref. 12͒. The results are consistent with the studies of Lee et al. 15 on the optoelectronic properties of Al:ZnO films. The blueshift of the UV peak indicates a broadening of band gap in agreement with the observation from the optical absorption measurements of Al:ZnO resulted from the Burstein-Moss effect. 16 Compared with the AlZnO nanowires ͑Al: 2.5 at. %͒, the CL spectrum ͑not shown͒ of the AlZnO nanowire/nanotube junction structure ͑Al: 12 at. %͒ as in Fig. 1͑b͒ shows a similar result without further blueshift of the UV peak, indicating that effective doping effect can only be achieved with an appropriate Al composition in AlZnO nanomaterials, which can be controlled by our method.
In summary, single-crystalline AlZnO nanowires and nanowire/nanotube junction structures with various Al concentrations were synthesized at a low temperature of 550°C via a proposed alloy-evaporation deposition method with different alloying treatment procedures. The Al/ ͑Al+ Zn͒ atomic ratio in the ZnO nanowires and nanowire/nanotube junction structures determined by EELS is about 2.5 and 12 at. %, respectively. Room-temperature CL measurements show that the AlZnO nanowires exhibit a strong UV emission, which shifts to a higher energy from 3.29 to 3.34 eV due to Al incorporation. 3 . TEM characterization of the AlZnO nanowire/nanotube junction structures synthesized using the alloying treatment at 500°C: ͑a͒ Mediummagnification HAADF image, ͑b͒ high-magnification bright-field image, ͑c͒ high-resolution image, ͑d͒ electron diffraction pattern, ͑e͒ bright-field image of the necking area, ͑f͒ Al elemental map determined by EELS ͑L edge at 73 eV͒, ͑g͒ thickness map, and ͑h͒ thickness profile across the line in Fig.  4͑g͒.   FIG. 4 . Room-temperature CL spectra of the AlZnO nanowires ͑Al: 2.5 at. %͒ synthesized using the alloying treatment at 420°C and pure ZnO nanowires synthesized in previous work ͑Ref. 12͒ with the inset for an enlarged view of the UV peaks after normalizing the intensity.
